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ABSTRACT: Zinc sulfide is a promising catalyst due to its abundance, low cost, low toxicity and conduction band position that
enables the photoreduction of CO2 to formic acid. This study is the first to examine experimentally the photocatalytic differences
between wurtzite and sphalerite under the parameters of size (micrometer and nanoscale), crystal lattice, surface area, and band
gap on productivity in the photoreduction of HCO3

−. These photochemical experiments were conducted under air mass
coefficient zero (AM 0) and AM 1.5 solar simulation conditions. We observed little to no formate production under AM 1.5, but
found linear formate production as a function of time using AM 0 conditions. Compared to earlier reports involving bubbled
CO2 in the presence of bicarbonate, our results point to bicarbonate as the species undergoing reduction. Also investigated are
the effects of three hydroxylic positive hole scavengers, ethylene glycol, propan-2-ol (isopropyl alcohol, IPA) and glycerol on the
reduction of HCO3

−. Glycerol, a green solvent derived from vegetable oil, greatly improved the apparent quantum efficiency of
the photocatalytic reduction.

KEYWORDS: carbon dioxide, bicarbonate photoreduction, formate, ZnS nanoparticles, wurtzite, sphalerite

■ INTRODUCTION
There is growing interest in the development of new
technologies for sustainable energy production such as
photocatalyzed reduction of carbon dioxide and sunlight. One
possible avenue to achieve this goal is the replacement of
existing fossil carbon infrastructure with one based on the
synthesis of methanol. A key tenet and technological challenge
of “the methanol economy” is solar-driven conversion of
carbon dioxide to formic acid and ultimately methanol.1 Efforts
toward photoreduction of CO2 and its aqueous forms of
carbonic acid, bicarbonate and carbonate (eq 1) hold the
promise of greenhouse gas mitigation by mimicking natural
photosynthesis via energy storage in chemical bonds.2,3

+ ⇌ + ⇌ +− + − +H O CO HCO H CO 2H2 2 3 3
2

(1)

Because the energy density of hydrocarbons vastly outstrips
that of other potential fuels, the simplest class, C1 fuels are
highly attractive as synthetic targets. Methanol, for example,
contains roughly twice the amount of energy per unit volume
than hydrogen gas compressed to 700 psi.4 Similarly, formic
acid, another C1 fuel, is roughly equivalent in energy density to

compressed hydrogen. To that end, the photocatalytic
transformation of CO2 into fuels has attracted considerable
attention as a potentially sustainable technology.5−10 Photo-
chemical catalysts for CO2 reduction can be divided into two
main categories: metal complexes, primarily ruthenium mono-
(bipyridyl) and bis(bipyridyl) dicarbonyl complexes, and
semiconductor materials such as TiO2, CdS or ZnS.11 Both
forms of photocatalysts in the presence of propan-2-ol have
mostly resulted in formate production relative to CO
production. According to a recent comprehensive review of
semiconductor photocatalysts, we found it interesting that the
last report involving ZnS utilized micrometer sized particles and
was authored by Yoneyama; one of the foremost pioneers along
with Inoue in photochemical CO2 reduction.

12,13 Despite the
importance of ZnS in these early photochemical conversions,
no comparative investigation into the photocatalytic behavior of
the two ZnS crystal forms (cubic vs hexagonal) has been
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reported. Therefore, we carried out an investigation into the
nanoparticulate size regime including the effects of surface area
on productivity and disclose key differences between the two
ZnS crystal forms. In addition, the efficiencies of these
processes have been shown to largely depend on the type of
hole-removing agent. Among three different alcohols utilized
for this purpose, we demonstrate improved yields of formate
using a green chemistry solvent.
The reduction of bicarbonate to formate requires a sacrificial

agent to serve as a source of electrons and hydrogen, schematic
in Figure 1. When propan-2-ol (isopropyl alcohol, IPA) is used

as a positive hole scavenger, the oxidation takes place at the
hydroxyl carbon, yielding acetone as a byproduct. Prior studies
have used a variety of different compounds such as Na2SO3,
IPA, H2, H2S, and 2,5-dihyrofuran (DHF).14−17 Comparisons
between IPA and DHF have demonstrated an increase in
formate production with DHF suggesting that the selection of
the proper hole scavenger could have a significant effect on the
efficiency of this reaction.18 The use of glycerol has not yet
been reported in conjunction with ZnS, whereas in the case of
TiO2, the role of the hole scavenger is thought to be minimal.
Glycerol contains one secondary and two primary alcohol
groups; all of which are potential sites for oxidation that could
enhance the rate of product formation. As shown in Figure 1,
the redox potentials of the three electron-donor solvents are
centered near 0.8 V (ethylene glycol 0.76 V, IPA 0.80 V and
glycerol 0.79 V).19 Given the proximity of their electrochemical
potentials, we hypothesized that differences in formate
production rates would be largely due to kinetic properties.
Among the positive hole scavengers compared in this study,

ethylene glycol and propan-2-ol, are derived from petroleum
sources. Glycerol, on the other hand, is of interest because it
can be synthesized biologically, is low cost, environmentally
benign and relatively abundant. The production of glycerol is
expected to outpace its demand by a factor of 6 by the year
2020.20 As such, glycerol could serve as a “green” replacement
for other petroleum-derived hole scavengers.

■ EXPERIMENTAL SECTION
Wurtzite Nanoparticle Synthesis (nP-Wurtz). Wurtzite nano-

particles were synthesized via aqueous precipitation.21 Reagents used
were purchased from Fischer Scientific and included Acros Organics
Na2S·9H2O, Acros Organics ZnCl2 technical grade 97%. Solutions of
ZnCl2 and Na2S were both prepared with concentrations of 0.1M. The
Na2S solution was added dropwise, over 17 min, to ZnCl2 solution
while under vigorous agitation. As soon as the total volume of Na2S

had been added, the resulting colloid was divided into 50 mL aliquots
and centrifuged at 2000 rpm and 4 °C for 5 min. The supernatant was
discarded, and the pellets were suspended in 40 mL of Milli-Q water,
using an ultrasonic bath, and centrifuged. The resulting supernatant
was discarded, and the pellets were suspended in 40 mL of 2-propanol
(IPA) and then centrifuged. This IPA wash was repeated twice.

Following the final wash, the pellets were again suspended in 10 mL
of IPA and combined into a round-bottomed flask. The remaining
solvent was removed by vacuum distillation and the remaining powder
was placed in the drying oven overnight at 75 °C.

Sphalerite Nanoparticle Synthesis (nP-Sphal). 2.00 g of Merck
Reagent ZnO was added to 40 mL of 2 M Na2S solution (Acros
Organics Na2S·9H2O).

22 The mixture was placed in an ultrasonic bath
for 30 min. The resulting colloid was then purged with nitrogen gas
and transferred to an oil bath of 90 °C, and stirred for 2 h using a
magnetic stir bar. The colloid was then cooled to room temperature
and washed three times with Milli-Q water and centrifuged at 2000
rpm and 4 °C for 5 min. Following the final water wash, the pellet was
washed in IPA, centrifuged and again suspended in IPA before being
placed in the drying oven overnight. Larger sphalerite microparticles
were purchased from Sigma-Aldrich (ZnS 99.99%, mP-Sphal).

Particle Characterization: Size, Crystal Structure and Surface
Area Determination. Hydrodynamic size distributions of the
different syntheses were obtained using dynamic light scattering
(DLS). Zinc sulfide colloidal suspensions were prepared 1 mg/mL in
IPA. The suspensions were scanned using a Microtrac Zetatrac
nanoparticle analyzer, and the resulting distributions are shown in
Figure S1. Crystal structure information was obtained using an X’Pert
Pro X-ray diffraction (XRD) instrument; spectra for nP-Wurtz, nP-
Sphal and mP-Sphal are shown in the Supporting Information Figure
S2. Surface area measurements were carried out using a Micrometrics
ASAP2020 surface area and porosity instrument. Additionally, TEM
and HR-TEM were carried out on each of the synthesized particle
samples. The mP-Sphal samples purchased from Sigma-Aldrich were
too large for quality images to be obtained.

Diffuse Reflectance Spectroscopy (DRS). The dry ZnS particle
powders were analyzed using diffuse reflectance spectroscopy in order
to estimate the band gap of each ZnS sample. Small amounts of the
powders were placed on barium sulfate plates and placed in a Hitachi
U-4100 UV−vis spectrophotometer with integration sphere. Wave-
lengths scanned were from 600 to 240 nm. The resulting reflectance
data were converted to absorbance and treated to a Kubelka−Munk
function plotted against the energy of the incident light to obtain band
energies.23

Cyclic Voltammetry. To place the band gaps obtained via DRS on
an absolute energy scale, cyclic voltammetry (CV) was required. The
procedure for CV was adapted from Fang et al.24 Suspensions of 0.4
mg/mL of mP-Sphal, 0.2 mg/mL nP-Sphal and 0.25 mg.mL nP-Wurtz
were prepared in ethanol. These solutions were sonicated for 1 h in
order to ensure suspension. After sonication, 600 μL of 5% Nafion
solution was added to the suspension, and 4.5 μL of the resulting
solution was pipetted onto polished glassy carbon electrodes (GCE)
and allowed to dry. Several applications of the solution were required
to ensure full coverage of the GCE surface.

The position of the conduction band minimum (CBM) was
obtained using a Solartron Analytical 1470E CellTest system with a
standard three-electrode setup: GCE working electrode, saturated Ag/
AgCl reference electrode and platinum counter electrode. The
electrolyte used was 2 M phosphate buffered water at pH 7. The
voltage was swept from −900 to +600 mV at a rate of 100 mV/s.

Photoexperiments and Analysis. Matrix Preparation. Reagents
used for the preparation of the solutions were Riedel-de Haen̈
NaHCO3 99.0%, J.T. Baker K2HPO4, ACS reagent grade isopropyl
alcohol, ethylene glycol and MP Biomedicals highly purified glycerol.
The buffer reported by Yoneyama et al. was prepared by dissolving
2.52 g of NaHCO3, 8.71 g of K2HPO4 and 7.65 mL of IPA in Milli-Q
H2O giving a final concentration of 0.3 M NaHCO3, 0.5 M K2HPO4
and 1 M IPA.12 When used in photoreduction experiments, high purity
CO2 gas was bubbled through the solution for 30 min. After the
putative buffer system proved unsuccessful, a new reaction matrix was

Figure 1. Schematic of representative photoreduction of HCO3
− to

formic acid on ZnS using IPA as a hole scavenger.
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designed. The new reaction matrix was prepared by dissolving 2.52 g
of NaHCO3 and 15.3 mL of IPA in Milli-Q H2O giving a final
concentration of 0.3 and 2 M, respectively. The CO2 bubbling step was
no longer used. For the experiments requiring glycerol or ethylene
glycol as the positive hole scavenger, the NaHCO3 concentration
remained the same except the 2 M IPA was replaced by 2 M glycerol
and ethylene glycol, respectively.
Formic Acid Analysis. For samples utilizing IPA as the hole

scavenger, quantification of formic acid was carried out using ion
chromatography, Metrohm 720 Personal IC, 9 mM Na2CO3 eluent,
flow rate 1.0 mL/min, on a Dionex IonPak AS9-HC column and
suppressor column with 20 mM H2SO4 as a regenerant. A standard
curve was prepared using six formic acid standards: 5, 10, 25, 50, 100
and 150 ppm, Supporting Information.
For samples utilizing glycerol as the hole scavenger, the

quantification of formic acid required a different IC instrument and
setup. The Dionex AS50 IC was equipped with a Dionex CD25
conductivity detector, a Dionex IonPac ICE-AS6 column and a
Thermo Scientific AMMS-ICE 300 suppressor column. The reagents
used were 0.4 mM heptafluorobutyric acid as the eluent with a flow
rate of 1.2 mL/min, and 5 mM tertabutylammonium hydroxide as the
regenerant. A standard curve was prepared using 0, 5, 10, 25, 50 and
100 ppm standards, Supporting Information.
Photoexperiments. Experiments for the production of formic acid

were carried out in a ScienceTech solar simulator with an AM 0 and
AM 1.5 filter. The light source used was a 1000 W xenon arc lamp.
The output at sample surface was 100 W/m2. The particle
concentrations were standardized by the average surface area with
the resulting concentration of 0.2 mg/mL nP-Wurtz, 1 mg/mL nP-
Sphal and 3.4 mg/mL mP-Sphal. The particles were suspended in 10
mL of the matrix described previously by sonication for 30 min.
The suspensions were transferred to quartz test tubes, sealed and

placed in the solar simulator. Aliquots of 1.6 mL were taken at 0, 2, 4,
6 and 8 h time points. The samples were centrifuged at 16000 RCF for
2 min to remove the ZnS particles; the resulting supernatant was
analyzed using IC.
Apparent Quantum Efficiency. Using an Ophir Photonics Nova II

laser energy meter with a Ophir Photonics thermal power sensor
attached, the energy output of the solar simulator was measured. This
power measurement was converted to moles of photons per second.
This photon flux was then used to calculate the apparent quantum
efficiency (AQE) of the catalyst using eqs 2 and 3.25

· · =
−

−n mol photons
1 mol e

mol photons
mol formate

2 mol e
theoretical

(2)

· =actual mol formate
theoretical mol formate

100 %AQE
(3)

■ RESULTS AND DISCUSSION
XRD spectroscopy confirmed the selective synthesis of
sphalerite and wurtzite crystal forms, and DLS revealed the
hydrodynamic particles size distributions to be polydisperse;
plots are available in the Supporting Information. The lack of
uniformity in particle size is most likely the result of poor
control over aggregation during the crystal isolation process.
TEM and HR-TEM revealed that although the particles
themselves seemed large when characterized by DLS, the
large particles are actually aggregates of much smaller
crystallites, Figure 2. As noted by Quigg et al., though
nanoparticles produced during the synthesis process may be
monodisperse in size, they would be unlikely to remain so once
suspended in aqueous solution and subjected to the photo-
experiment conditions.26 Aggregation of the nanoparticles was
visually evident during the photoexperiments. The size of
individual crystals within the aggregates in the case of the nP-
Wurtz particles was below the 10 nm threshold that could have

resulted in an increased band gap; however, such an
enhancement was not observed.27

Large differences in surface area were observed between the
nP-Wurtz, nP-Sphal and mP-Sphal populations, Table 1. The

nP-Wurtz samples possessed a nearly five-fold greater surface
area than the nP-Sphal particles. Standardizing the surface area
of the catalyst used (based on the mass) compensated for the
inherent differences.
To obtain the band gap data, DRS was used. The reflectance

plots and resulting Kubelka−Munk plots can be seen in Figure
3. According to the literature, values for the band gap of ZnS
range between 3.68 and 3.87 eV.28 In this case, the particles
with the largest band gap are the nP-Sphal at 3.56 eV, whereas
the nP-Wurtz and mP-Sphal samples showed equivalent band
gaps of 3.37 and 3.36 eV, respectively. The literature values for
the band gap of ZnS were obtained using electroluminescence
rather than cyclic voltammetry. This likely explains the
difference between the reported values and those obtained in
our investigation.
With the band gap data in hand via DRS, it was necessary to

characterize further the particles by placing these band gaps on
an absolute NHE scale using CV; these plots are located in
Figure S3 of the Supporting Information. Working in aqueous
solution, the conduction band minimum (CBM) was obtained
and then combined with the band gap to calculate the position
of the valence band maximum (VBM). CV showed the CBM,
under our conditions, to reside at −0.45, −0.43 and −0.39 V

Figure 2. TEM and HR-TEM images of nP-Sphal (A, B) and nP-
Wurtz (C, D).

Table 1. Summary of ZnS Characterization Including Crystal
Type, Size by DLS, BET Surface Area and AQEs

particle
population crystal type

diameter
(nm)

surface
area

(m2/g)

AQE
in IPA
(%)

AQE
in EG
(%)

AQE in
glycerol
(%)

mP-Sphal cubic 934 15.9 0.14 0.49 1.27
nP-Sphal cubic 173 45.9 0.18 1.39 2.72
nP-Wurtz hexagonal 83 223 0.90 2.82 3.20
TiO2 rutile/

anatase
3:1

P-2529 0.01
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(vs Ag/AgCl sat.) for the nP-Wurtz, nP-Sphal and mP-Sphal
samples, respectively. Given the proximity of the two CBMs to
each other, the position of the CBM is unlikely to be
responsible for observable differences in catalytic productivity
of the catalysts.
With the particle populations fully characterized, photo-

experiments subsequently could be conducted. While perform-
ing photoexperiments with dissolved CO2, the question of
which species is undergoing reduction became an important
concern. Previous studies have examined the reduction of CO2,
or bicarbonate, without addressing the pH-dependent equili-
brium associated with the hydration of CO2.

30−33 This led to
questions about how the photoexperiments may be affected by
changes in pH, which has a profound influence on the
substrates available to the catalyst.
Initially, CO2 gas was bubbled through the matrix for 1 h

prior to placing the sample in the solar simulator following the
procedure outlined by Yoneyama et al.13 The pH of this
solution was 6.5. At this acidic pH, the relative concentration of
CO2(aq) and HCO3

− is roughly equivalent,34 and no formate
production was observed. When the CO2 bubbling step was
removed, the pH of the matrix solution equilibrated at 8.5. At
this pH, the equilibrium significantly favors HCO3

− over the
other C(+IV) species and formate production was observed.
To probe further the CO2 vs HCO3

− substrate question, a
matrix was prepared that replaced the NaHCO3 with Na2CO3.
This solution equilibrated with the pH of 12.4. At this highly

basic pH, the only C(+IV) species with a significant
concentration is CO3

2−, and under these conditions no formate
production was observed. The only condition leading to
detectable levels of formate production was at pH 8.5, at which
HCO3

− is the dominant C(+IV) species. This finding suggests
that the preferred substrate for reduction when using ZnS is
bicarbonate. Control experiments were conducted in the
absence of ZnS, or NaHCO3, when using either IPA or
glycerol. None of these conditions resulted in detectable
formate.
Ideally, air mass coefficient 1.5 (AM 1.5) solar simulation

irradiation would catalyze the reduction of bicarbonate;
however, given the band gap of ZnS along with AM 1.5
filtering of wavelengths between 300 and 400 nm, little to no
photoreduction products were observed. Under AM 0 solar
simulation conditions, the catalysts showed linear production of
formate during the 8 h exposure time. Dramatic differences in
formate production were observed when comparing nP-Wurtz,
nP-Sphal and mP-Sphal crystal populations. Using IPA as the
hole scavenger, the nP-Wurtz particles (Figure 4) show
superior formate production over the other populations,
Despite the compensation in catalyst loading due to surface
area differences, our observations show that the nP-Wurtz
samples were between 6 and 10 times more productive than the
nP-Sphal and mP-Sphal samples. The nP-Sphal and mP-Sphal
samples displayed similar AQE values of 0.18% and 0.14%,

Figure 3. (A) Plots of absorbance. (B) Kubelka−Munk plots revealing the band gaps of the ZnS particle populations.

Figure 4. Time course of formate production and specific productivity using the hole scavenger isopropyl alcohol (top graphs) and the hole
scavenger glycerol (bottom graphs).
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respectively. The nP-Wurtz samples on the other hand
displayed a much-improved AQE value of 0.90%.
Catalytic differences between crystalline isoforms have been

documented previously between anatase and rutile TiO2.
35−37

In addition, two studies by Hong et al. examined differences
between ZnS isoforms in photocatalytic reactions. In the first
study, sphalerite was found to possess a photocatalytic
advantage in the degradation of eosin B, an organic pollutant
analog.38 The second study, however, demonstrated that
wurtzite possessed greater H2 production in photocatalytic
experiments as well higher photodegradation rates for eosin B
when exposed to ambient H2S.

39 These authors, as well as a
similar study by Wang et al., argue that a polarization between
Zn-terminated surfaces and S-terminated surfaces is present.
This polarization enhances electron/hole separation within
wurtzite planes and enables higher rates of catalysis.40

When glycerol was used instead of IPA as the electron donor,
all of the particle samples showed a dramatic increase in
productivity. In fact, the nP-Wurtz and nP-Sphal samples
produced roughly equivalent levels of formate over the 8 h
exposure time. The mP-Sphal samples also demonstrated a
significant boost in productivity, but as shown in Figure 4, not
to the same degree as the samples involving nSphal. The AQEs
of the particle samples were also dramatically enhanced,
increasing to 1.27%, 2.27% and 3.20% for the mP-Sphal, nP-
Sphal and nP-Wurtz, respectively. In the case of the nP-Sphal
particles, the AQE rose by a factor of 12. Such productivity
enhancement is highly promising because glycerol is widely
available and can be derived from nonfossil sources. Dimitijevic
et al. pointed out in their study that glycerol showed the highest
rate of reaction with surface trapped holes.18 This is due to the
abundance of hydroxyl groups on glycerol, which facilitates
adsorption onto the particle surface. However, they also
concluded that the positive hole scavenger had no effect on
efficiency of the CO2 reduction process. Our results stand in
contrast to this conclusion and the intermediate production
levels of formate via ethylene glycol (Figure 5) lend support to
our hypothesis that increasing the number of primary OH
groups leads to improved C−H hole-scavenging reactivity.
Moreover, Valentin et al., in their computational study of

surface organic adsorbates, found glycerol to be the best
candidate among the organic compounds investigated for use as
a positive hole scavenger.41 Foremost, this experimental work
confirms that glycerol is a superior sacrificial hole scavenger
under the described photochemical conditions. The sizable
boost in productivity observed for the nP-Sphal samples is
additional evidence that the surface chemistry at specific crystal
facets plays a large role in the activity of the catalysts.

Reports dealing with the mechanism of photocatalytic
reduction of CO2 in carbon-dioxide-saturated aqueous
solutions describe the UV irradiation of TiO2 catalysts.29

Electron spin resonance (ESR) measurements have detected
intermediates such as C· radicals and Ti3+ in the excited state
complex (Ti3+−O−)*. More recently, a similar complex was
reported for zinc oxide in the form of (Zn3+−O)* upon UV
excitation with graphene oxide.42 On the basis of the chemical
similarities between ZnO and ZnS, as well as our control
experiments involving bicarbonate and CO2 saturated solutions,
we propose the following redox mechanism (Scheme 1) that

invokes (Zn3+−S)* as the photoexcited semiconductor and
takes bicarbonate into account as the substrate undergoing
reduction. A key step in the sequence involves the elimination
of water, which may serve to solubilize excess NaHCO3(s).

■ CONCLUSIONS
In summary, two crystal forms of ZnS were synthesized and
evaluated for their photochemical properties. No significant
differences were found between the synthesized particles with
respect to absorption, location of CBM and VBM and band
gap, yet photoreduction experiments demonstrated large
differences in productivity. As hypothesized, the largest sized

Figure 5. Time course of formate production and specific productivity using ethylene glycol as the positive hole scavenger.

Scheme 1. Proposed Mechanism for the Conversion of
Bicarbonate to Formate
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catalyst, mP-Sphal, demonstrated the lowest performance. The
wurtzite crystal form showed the highest AQE of 0.9% when
using IPA as the whole scavenger. The AQE increased to 3.2%
when the electron donor was changed to glycerol. Given the
large gain in productivity and the potential renewable source,
glycerol is a preferable positive hole scavenger compared to
other petroleum-derived candidates. Additionally, our results
illustrate that ZnS crystal isoform clearly plays a role in the
photocatalyzed reduction of bicarbonate to formate. The
surface chemistry of specific crystal facets plays a role in
determining the productivity of the catalyst. At this preliminary
stage, our investigations do not distinguish between catalytic
sites; further research is warranted. Studies by Rubasinghege et
al. show a strong correlation between which crystal faces are
solvent exposed and the reactivity of the catalyst.43,44 Although
these photocatalyzed results were dependent on AM 0 solar
simulation conditions, their importance lies in identifying
wurtzite as the more effective crystal. Moreover, applications
involving carbon dioxide management via conversion to
formate is relevant toward chemical conversion to electricity
from fuel cells during manned spaceflight.45,46 We are currently
expanding the scope of this project to increase the absorption
of the optical spectrum beyond the shortwave region of 350 nm
by exploring photosensitized ZnS.
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